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Single crystalline β-SiAlON nanowhiskers: preparation and enhanced
properties at high temperature
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Single crystalline β-SiAlON (z = 1.0) nanowhiskers with uniform morphology were prepared using a
reaction sintering method at 1773 K for 6 h under flowing nitrogen atmosphere. The as-synthesized
whiskers were well-crystallized with about 100–200 nm in diameter and a few hundred microns in length.
According to the thermodynamic calculation, Al(g) and SiO(g) are important intermediate reactants to
synthesize β-SiAlON whiskers. In the experiment, the two phases was controlled by changing the flow
rate of nitrogen to make β-SiAlON whiskers grow in a stable way. The formation of β-SiAlON whiskers
occurred through a vapor–solid (VS) mechanism. SiAlON was found to grow as a single crystal whisker
from the (101ˉ0) plane of the granule. Furthermore, an enhanced oxidation resistance for β-SiAlON
whiskers at high temperature was also observed using the thermogravimetry method (TG), demonstrating
that β-SiAlON whiskers with uniform morphology is a promising candidate as a reinforcing agent in
composite.
1. Introduction
Ever since the discovery of carbon nanotubes by Iijima,1 there
has been great interest in the synthesis and characterization of
one-dimensional (1D) structures due to their near-perfect crystal-
line nature, near-theoretical value of strength and unique phys-
ical and chemical performance.2 β-SiAlON is one of the most
common phases of SiAlON. It has a chemical formula of Si6−z-
AlzOzN8−z (z = 0–4.2) with a hexagonal crystal structure.
3,4
Because of its characteristic structure, β-SiAlON crystal is
usually developed into elongated prisms offering relatively high-
fracture toughness. Moreover, the amount of Al in β-SiAlON can
be adjusted to fit for various electrical applications. These prop-
erties enable elongated β-SiAlON materials to be a popular re-
inforcing and toughening agent in composites.5,6
Studies on elongated β-SiAlON material have remained very
active ever since Lee and Cutler have done a pioneering work on
the formation of SiC from rice husks.7 Despite the volume of
research and development (R&D) work going on at present,7–14
progress in practical elongated β-SiAlON is still elusive. An
utmost problem impeding the application of elongated SiAlON
is how to prepare them with a uniform morphology, which is
very important for engineering the properties of β-SiAlON-con-
taining composite materials or a device for practical application.
Recently, there has been a growing interest in the fabrication of
β-SiAlON whiskers using various methods,7–14 e.g. combustion
synthesis,11 reaction sintering using pyrophyllite and resin or
powder mixture of Al, Si and SiO2 as raw materials.
12 By com-
parison, reaction sintering of the Al, Si and SiO2 mixture is a
much more efficient method to manipulate the morphology of
β-SiAlON whiskers by controlling the processing parameters,
such as temperature, partial pressure, flow rate of the gas phases,
etc.12–14 To our knowledge, there are few reports on the prep-
aration of β-SiAlON whiskers with uniform morphology. The
development of controlled experimental parameters to produce
β-SiAlON whiskers with uniform morphology still remains a
vital challenge in material chemistry.
In the present work, β-SiAlON whiskers with uniform mor-
phology were prepared from a mixture of Si, Al and Al2O3 in
flowing nitrogen. The suitable synthesis conditions were dis-
cussed from thermodynamic analysis and experimental result.
The phase composition and morphology of β-SiAlON whiskers
were characterized using X-ray diffraction (XRD), field emission
scanning electron microscopy (FE-SEM), transmission electron
microscopy (TEM) and high-resolution electron microscopy
(HREM). Based on this, the corresponding growth mechanism
will be proposed briefly. The thermal behavior of β-SiAlON
whiskers in air at high temperature was measured using thermo-
gravimetry (TG).
2. Experimental procedure
β-SiAlON whiskers were synthesized in a vertical tube furnace
under controlled atmosphere. Si (≥99.0%, 7.4 μm), Al (≥99.5%,
7.4 μm) and Al2O3 (≥99.5%, 5 μm) were used as raw materials
and mixed for 10 h using absolute ethyl alcohol as the medium
according to the stoichiometric composition of Si4.4Al1.6O1.6N6.4
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(z = 1.6). Pellets of solid samples were made with a die and a
hydraulic press. The pellets were placed into an alumina crucible
together with β-Si3N4 powder and then sintered at 1773 K for
6 h. High purity nitrogen gas (≥99.999%) was introduced into
the alumina reaction tube at a rate range from 0.4–0.6 L min−1
and its pressure was maintained at 0.1 MPa.
The phases were identified by X-ray diffraction (XRD;
M21XVHF22, MAC Science, Yokohama, Japan) using Cu Kα
radiation in the angular 10–80°. The morphology and compo-
sition of the whiskers were examined by thermal field emission
scanning electron microscopy (FE-SEM; ZEISS SUPRATM 55,
Germany) and transmission electron microscopy (TEM,
HITACHI H8100, Hitachi, Japan). High resolution electron
microscopy (HRTEM, JEM 2010, Joel Ltd, Japan) operating at
200 kV was used to characterize the phase and crystal mor-
phology of the products. The oxidation resistance of β-SiAlON
whiskers (about 3.650 mg sample) was examined up to 1773 K
in air at a heating rate of 10 K min−1 using a thermoanalyser
(Netzsch STA449C). The sensitivity of the TG microbalance is
±0.0001 mg, which makes it possible to record accurate weight
changes during the oxidation.
3. Thermodynamic calculation
Two systems, Si–O–N and Al–O–N, were involved during the
formation of β-SiAlON whiskers. In the experiment, high purity
nitrogen gas (≥99.999%) was used and its pressure was kept at
0.1 MPa. Thus the pressure of N2, i.e. PN2/P
θ ≈ 1. In the follow-
ing section, the possible reactions involved and the underlying
thermodynamic principle will be discussed.
3.1 Si–O–N system
Since β-Si3N4 powder in the experiment is employed to control
the reaction atmosphere,13,14 the possible solid phases in the
system are β-Si3N4, Si2N2O and SiO2. The reactions between
the solid phases and O2 contained in N2 atmosphere are
following:
2Si3N4ðsÞ þ 1:5O2ðgÞ ¼ 3Si2N2OðsÞ þ N2ðgÞ ð1Þ
ΔrGðP; TÞ ¼ 1 005 973 25 T þ 8:314 ln 10 T ½lgðPN2=P θÞ
 1:5 lgðPO2=P θÞðJ mol1Þ
From the above equation, it can be seen that the reaction
Gibbs free energy, ΔrG is the function of temperature T and the
partial pressure of gas phases, PN2 and PO2. Therefore, eqn (1)
can reach thermodynamic equilibrium at the experimental temp-
erature (about 1800 K) by adjusting the partial pressure of the
gas phases, i.e. ΔrG(P,T) = 0. Based on this, the relationship
between the reaction equilibrium constant of eqn (1) and the
partial pressure of the gas phases at 1800 K can be calculated as
following:
lg K1800 K ¼ ð1 005 973þ 25 1800Þ=ð19:13 1800Þ
¼ lgðPN2=P θÞ  1:5 lgðPO2=P θÞ ¼ 30:52
Similarly, the relationship between the reaction equilibrium
constant and PN2 and PO2 of the following reaction can also be
calculated.
Si2N2Oþ 32O2ðgÞ ¼ 2SiO2ðsÞ þ N2ðgÞ ð2Þ
ΔrGðP; TÞ ¼ 941 049þ 104:28 T
þ 8:314 ln 10 T ½lgðPN2=P θÞ  1:5 lgðPO2=P θÞ
 ðJ mol1Þ lg K1800 K
¼ lgðPN2=P θÞ  1:5 lgðPO2=P θÞ ¼ 21:86
In the Si–O–N system, Si-containing gases are Si(g), SiO(g),
Si2(g) and Si3(g). The related reactions and constants are shown
in Table 1.
According to the above equations, the equilibrium partial
pressure of Si-containing gases in Si–O–N system at 1800 K as a
function of oxygen and nitrogen partial pressure can be shown in
Fig. 1. It can be seen that the partial pressure of SiO(g) is always
higher than other gases in the range of the oxygen partial
pressure investigated. In the experiment, β-Si3N4 powder was
applied and the oxygen partial pressure is approximately 10−20
atm in the experimental temperature range. Therefore, SiO(g) is
an important intermediate reactant during the synthesis of
β-SiAlON whiskers. From the above equations, SiO can be
formed by oxidization of β-Si3N4, which further confirmed the
role of β-Si3N4 powder used in the experiment from thermodyn-
amic viewpoint. This is in agreement with the result reported in
the literature.16,17
3.2 Al–O–N system
In view of Al–O–N system, the possible solid phases in the reac-
tion are AlN, Al3O3N spinel phase
18 and Al2O3. The reaction
between AlN and O2 is:
2AlNðsÞ þ 1:5O2ðgÞ ¼ Al2O3ðsÞ þ N2ðgÞ ð15Þ
ΔGrðP; TÞ ¼ 1 028 700þ 92:2 T þ 8:314 ln 10
 T ½lgðPN2=P θÞ  1:5 lgðPO2=P θÞ
when eqn (15) reaches thermodynamic equilibrium at the exper-
imental temperature, i.e. 1800 K or so. The relationship between
the reaction equilibrium constant and the partial pressure of the
gas phases can be expressed as following:
lg K1800 K ¼ lgðPN2=P θÞ  1:5 lgðPO2=P θÞ ¼ 28:48
In Al–O–N system, Al-containing gases are Al(g), Al2O(g),
AlO(g), Al2O2(g) and AlO2(g). In an analogous way, the related
reaction equilibrium constants and the thermodynamic data of
the reactions involved between the solid phases and the gaseous
phases are calculated as shown in Table 2.
According to the above equations and thermodynamic data,
the equilibrium partial pressure of Al-containing gases in
Al–O–N system at 1800 K as a function of oxygen and nitrogen
partial pressure is shown in Fig. 2. From Fig. 2, it can be seen









































that the partial pressure of Al(g) is relatively higher than other
gases at PO2 = 10
−20 atm.
The above thermodynamic calculation indicates that Al and
SiO may be important intermediate reactants during the synthesis
of β-SiAlON whiskers at the experimental temperature range.
Considering the gas phases play an important role during syn-
thesis, the following three measurements have been adopted to
enable β-SiAlON whiskers to grow in a stable way: (1) using a
pellet of a Si, Al and Al2O3 solid sample to make β-SiAlON
whiskers grow on the surface of the pellet; (2) using β-Si3N4
powder to provide the SiO phase and control the oxygen partial
pressure at the same time; (3) adjusting the flow rate of nitrogen:
the flow rate was kept at 0.6 L min−1 before heating to 1773 K.
It was slowed down to 0.4 L min−1 at 1773 K and kept at
0.5 L min−1 when cooling down to room temperature.
4. Results and discussion
4.1 Phase analysis
Fig. 3 shows the XRD patterns of the synthesized β-SiAlON pre-
pared at 1773 K for 6 h. The identified spectra show that
β-SiAlON was the main phase present. The diffraction pattern is
in agreement with the data reported by the JCPDS (48-1615)
card, i.e. z = 1.0, which was lower than that of the nominal start-
ing composition, i.e. z = 1.6.
4.2 Morphology and microstructure observation
White wool-like materials were formed on the surface of the
pellet. Fig. 4 shows the microstructure of synthesized β-SiAlON
at different magnifications. It can be seen that the synthesized
β-SiAlON is whiskers-like at lower magnification (Fig. 4a),
while at higher magnification they have the shape of a belt from
a strict viewpoint (shown in Fig. 4b and c). The morphology of
β-SiAlON whiskers was uniform with about 100–200 nm in
diameter and a few hundred microns in length. Fig. 4d shows a
typical EDS spectrum for the β-SiAlON belt, showing the pres-
ence of Si, Al, O and N elements. From EDS results, the average
molar ratio of Al/Si was estimated to be 0.23 and thus the z
value was calculated to be 1.11, verifying the XRD analysis
Table 1 The reactions and related thermodynamic data in Si–O–N system at 1800 K15
Equations The reaction constants at 1800 K
Si3N4ðsÞ ¼ 3SiðgÞ þ 2N2ðgÞ ð3Þ 2 lg(PN2/Pθ) + 3 lg(PSi(g)/Pθ) = −19.93
Si3N4ðsÞ þ 32O2ðgÞ ¼ 3SiOðgÞ þ 2N2ðgÞ ð4Þ
2 lg(PN2/P
θ) + 3 lg(PSiO(g)/P
θ) − 1.5 lg(PO2/P
θ) = 18.16
Si3N4ðsÞ ¼ 32 Si2ðgÞ þ 2N2ðgÞ ð5Þ
2 lg(PN2/P
θ) + 1.5 lg(PSi2(g)/P
θ) = −14.94
Si3N4ðsÞ ¼ Si3ðgÞ þ 2N2ðgÞ ð6Þ 2 lg(PN2/Pθ) + lg(PSi3(g)/Pθ) = −11.71
Si2N2OðsÞ þ 12O2ðgÞ ¼ 2SiOðgÞ þ N2ðgÞ ð7Þ
lg(PN2/P
θ) + 2l g(PSiO(g)/P
θ) −0.5l g(PO2/P
θ) = 1.94
Si2N2OðsÞ ¼ 2SiðgÞ þ 12O2ðgÞ þ N2ðgÞ ð8Þ
lg(PN2/P
θ) + 2l g(PSi(g)/P
θ) + 0.5 lg(PO2/P
θ) = −23.45
Si2N2OðsÞ ¼ Si2ðgÞ þ 12O2ðgÞ þ N2ðgÞ ð9Þ
lg(PN2/P
θ) + lg(PSi2(g)/P
θ) + 0.5 lg(PO2/P
θ) = −20.13
Si2N2OðsÞ ¼ 23 Si3ðgÞ þ
1
2







SiO2ðsÞ ¼ SiOðgÞ þ 12O2ðgÞ ð11Þ
lg(PSiO/P
θ) + 0.5 lg(PO2/P
θ) = −10.01
SiO2ðsÞ ¼ SiðgÞ þ O2ðgÞ ð12Þ lg(PSi/Pθ) + lg(PO2/Pθ) = −22.68




SiO2ðsÞ ¼ 13 Si3ðgÞ þ O2ðgÞ ð14Þ
1
3
lgðPSi3=PθÞ þ lgðPO2=PθÞ ¼ 19:64
Fig. 1 Equilibrium partial pressure of gases in Si–O–N system at
1800 K.









































result. The z value of β-SiAlON synthesized in the experiment
was lower than that of the nominal starting composition. The
main reason was probably that SiO from Si3N4 powder can
increase the SiO ratio and thus the z value of the obtained
SiAlON decreased.
TEM micrograph of β-SiAlON whiskers together with the
result of the selected area electron diffraction (SAED) is shown
in Fig. 5a. The diffraction patterns (inset of Fig. 5a) indicate that
the β-SiAlON whisker is a single crystal and grows along the c-
axis. HREM was also employed to analyze the structure of the
single crystal and the result is shown in Fig. 5b. The lattice
image indicates that the plane distance of a single β-SiAlON is
about 0.660 nm, which is close to the (101ˉ0) lattice spacing of
β-SiAlON (0.661 nm, PDF card No. 48-1615).
4.3 Mechanism of whisker growth
VS (Vapor–solid) and VLS (vapor–liquid–solid) are two well
known mechanisms for the formation of whiskers.19 In the VLS
mechanism a liquid droplet will be initially formed, and then
reactant molecules in the vapor are transported by diffusion to
the liquid–solid interface, where precipitation occurs and with
crystal growth the droplet is detached from the substrate. During
the cooling stage the liquid droplet forms a nodule at the top of
the whisker, which is considered a characteristic morphology of
the VLS mechanism. In the micrographs of the β-SiAlON whis-
kers observed in this study, no nodule was observed at the ends
of those whiskers. As shown in Fig. 5a, the top of the belts is
well developed, indicating that β-SiAlON whiskers were mainly
nucleated by the VS mechanism.11,20 The growth schematic
diagram of β-SiAlON whiskers is illustrated in Fig. 6. At the
beginning of the reaction, β-Si3N4 powder used in the
Table 2 The reactions and related thermodynamic data in Al–O–N system at 1800 K15,18
Equations The reaction constants at 1800 K
AlNðsÞ ¼ AlðgÞ þ 0:5N2ðgÞ ð16Þ 0.5 lg(PN2/Pθ) + lg(PAl(g)/Pθ) = −4.2
AlNðsÞ þ 0:25O2ðgÞ ¼ 0:5Al2OðgÞ þ 0:5N2ðgÞ ð17Þ 0.5 lg(PN2/Pθ) + 0.5 lg(PAl2O(g)/Pθ) − 0.25 lg(PO2/Pθ) = −0.12
AlNðsÞ þ 0:5O2ðgÞ ¼ AlOðgÞ þ 0:5N2ðgÞ ð18Þ 0.5 lg(PN2/Pθ) + lg(PAlO(g)/Pθ) − 0.5 lg(PO2/Pθ) = 2.8
AlNðsÞ þ 0:5O2ðgÞ ¼ 0:5Al2O2ðgÞ þ 0:5N2ðgÞ ð19Þ 0.5 lg(PN2/Pθ) + 0.5 lg(PAl2O2(g)/Pθ) − 0.5 lg(PO2/Pθ) = 2.45
AlNðsÞ þ O2ðgÞ ¼ AlO2ðgÞ þ 0:5N2ðgÞ ð20Þ 0.5 lg(PN2/Pθ) + lg(PAlO2(g)/Pθ) − lg(PO2/Pθ) = 1.79
Al3O3NðsÞ ¼ 3AlðgÞ þ 1:5O2ðgÞ þ 0:5N2ðgÞ ð21Þ 0.5 lg(PO2/Pθ) + lg(PAl(g)/Pθ) = −14
Al3O3NðsÞ ¼ 3AlOðgÞ þ 0:5N2ðgÞ ð22Þ 0.5 lg(PN2/Pθ) + 3 lg(PAlO(g)/Pθ) = −21
Al3O3NðsÞ ¼ 1:5Al2OðgÞ þ 0:75O2ðgÞ þ 0:5N2ðgÞ ð23Þ 0.75 lg(PO2/Pθ) + 1.5 lg(PAl2O/Pθ) + 0.5 lg(PN2/Pθ) = −29.76
Al3O3NðsÞ þ 1:5O2ðgÞ ¼ 3AlO2ðgÞ þ 0:5N2ðgÞ ð24Þ lg(PAlO2(g)/Pθ) − 0.5 lg(PO2/Pθ) = −8.01
Al2O3ðsÞ ¼ 2AlðgÞ þ 1:5O2ðgÞ ð25Þ 2 lg(PAl(g)/Pθ) + 1.5 lg(PO2/Pθ) = −36.34
Al2O3ðsÞ ¼ Al2OðgÞ þ O2ðgÞ ð26Þ lg(PAl2O(g)/Pθ) + lg(PO2/Pθ) = −28.18
Al2O3ðsÞ ¼ 2AlOðgÞ þ 0:5O2ðgÞ ð27Þ 2 lg(PAlO(g)/pθ) + 0.5 lg(PO2/Pθ) = −22.34
Al2O3ðsÞ ¼ Al2O2ðgÞ þ 0:5O2ðgÞ ð28Þ lg(PAl2O2(g)/Pθ) + 0.5 lg(PO2/Pθ) = −23.04
Al2O3ðsÞ þ 0:5O2ðgÞ ¼ 2AlO2ðgÞ ð29Þ 2 lg(PAlO2(g)/Pθ) − 0.5 lg(PO2/Pθ) = −24.36
Fig. 2 Equilibrium partial pressure of gases in Al–O–N system at
1800 K.
Fig. 3 XRD pattern of β-SiAlON whiskers (z = 1.1) synthesized at
1773 K for 6 h.









































experiment promoted the formation of β-SiAlON nuclei in
flowing nitrogen.16,17 The β-SiAlON formed on the surface of
the pellet acts as crystal seeds. These β-SiAlON nuclei acceler-
ated the growth of whiskers (Fig. 6a). It is believed that at the
beginning of the nucleation/growth of β-SiAlON nuclei, the
growth of the nuclei occurs along all directions simultaneously.
However, the growth rate along the width direction, i.e. (101ˉ0)
plane, was much greater due to the anisotropy nature of
β-SiAlON crystal structure (Fig. 6b). The anisotropic grain
growth is a common phenomenon in β-SiAlON11,21 and has also
been proven in the experimental result, as shown in the right part
of Fig. 6b, which was the microstructure of β-SiAlON syn-
thesized at 1773 K for 3 h. It can be seen that β-SiAlON whis-
kers grew along their longitudinal directions. Thus these new
β-SiAlON synthesized from SiO, AlN and Si3N4 in flowing
nitrogen gas deposited on the preferential growth plane of the
β-SiAlON seeds, (101ˉ0) plane (Fig. 6b). With the continuous
cycle, the β-SiAlON whiskers with uniform morphology were
finally formed (Fig. 6c). This is consistent with the work on the
growth of platelike and branched Si3N4 whiskers.
22 Further
experiments would be required to confirm the theory.
4.4 Oxidation resistance
Fig. 7 shows the non-isothermal oxidation behavior of β-SiAlON
whiskers. For comparison, the oxidation of the β-SiAlON whis-
kers (z = 1.1) with non-uniform morphology i.e. the diameter
range from 80–600 nm, was also investigated (curve a). It can be
seen from Fig. 7 that β-SiAlON whiskers with uniform mor-
phology (curve b) exhibited better oxidation resistance. Its
oxidation reaction started at 1300 K and the reaction rate
increased rapidly between 1300 and 1500 K. The oxidation rate
leveled off from 1500 K and increased again from 1700 K. The
total mass of the β-SiAlON whiskers with uniform morphology
was found to have increased by 3.85%, which was much lower
than that of β-SiAlON whiskers with non-uniform morphology,
9.75%.
The main reason that caused the different oxidation behavior
of the above β-SiAlON whiskers was the shape of the sample,
which can be explained by Chou’s model.14,23 According to
Chou’s model, the oxidation behavior of non-oxide materials
belonged to the gas–solid reaction and was affected by many
factors including the shape of the sample. The oxidation behav-
iour can be expressed as following:





















where ξ represents the oxidation fraction; ΔEd the apparent acti-
vation energy of diffusion; PO2 the oxygen partial pressure above
the surface of the sample, PO2
eq the oxygen partial pressure in
equilibrium with oxide in oxide–SiAlON interface, which is
related to the temperature T. Both kO
0 and DO
0 are constants
independent of temperature T but relying on the materials; vm is
a coefficient that depends on the sample and reaction; R0 is the
diameter of the β-SiAlON whisker.
For β-SiAlON whiskers with non-uniform morphology, the
value of R0 varied from 80–600 nm and the percentage of
β-SiAlON whiskers with a smaller diameter, R0 amounted to
Fig. 4 (a–c) SEM micrograph at different magnifications and (d) EDS spectrum of β-SiAlON whiskers.









































50%.14 By comparison, the value of R0 of β-SiAlON whiskers
with uniform morphology was in the range of 100 nm. Accord-
ing to eqn (30), β-SiAlON whiskers with non-uniform
morphology were easy to be oxidized and had a larger reaction
fraction.
5. Conclusions
Si, Al and Al2O3 were used as raw materials to synthesize
β-SiAlON nanowhiskers with uniform morphology in flowing
nitrogen atmosphere. Thermodynamic calculations show that Al
(g) and SiO(g) could be essential intermediate reactants for
synthesizing β-SiAlON whiskers.
β-SiAlON nanowhiskers with uniform morphology were pro-
duced by the reaction sintering method at 1773 K for 6 h in
flowing nitrogen atmosphere. The diameters of the whiskers
were about 100–200 nm and their length extended to a few
hundred microns. The growth of the whiskers was controlled by
a VS mechanism. At the beginning of the reaction, β-Si3N4
powder used in the experiment promoted the formation of
β-SiAlON nuclei in flowing nitrogen. The vapor phase, SiO
Fig. 5 TEM results of a β-SiAlON whisker: (a) TEM image with
SEAD pattern; (b) HRTEM image of the whisker’s head.
Fig. 6 Schematic diagram of the growth mechanism of β-SiAlON whiskers.
Fig. 7 Comparison of non-isothermal oxidation behaviour of
β-SiAlON whiskers with non-uniform morphology (a) and uniform mor-
phology (b) at a heating rate of 10 K min−1.









































reacted with AlN and Si3N4 to form β-SiAlON and was depos-
ited on the preferential growth plane of β-SiAlON seeds, i.e.
(101ˉ0). With the continuous cycle, the β-SiAlON whiskers with
uniform morphology were finally formed. Furthermore, the oxi-
dation resistance of β-SiAlON nanowhiskers was found to be
improved.
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